The development of castration-resistant prostate cancer (CRPC) is associated with the activation of intratumoral androgen biosynthesis and an increase in androgen receptor (AR) expression. We recently demonstrated that, similarly to the clinical CRPC, orthotopically grown castration-resistant VCaP (CR-VCaP) xenografts express high levels of AR and retain intratumoral androgen concentrations similar to tumors grown in intact mice. Herein, we show that antiandrogen treatment (enzalutamide or ARN-509) significantly reduced (10-fold, P < 0.01) intratumoral testosterone and dihydrotestosterone concentrations in the CR-VCaP tumors, indicating that the reduction in intratumoral androgens is a novel mechanism by which antiandrogens mediate their effects in CRPC. Antiandrogen treatment also altered the expression of multiple enzymes potentially involved in steroid metabolism. Identical to clinical CRPC, the expression levels of the full-length AR (twofold, P < 0.05) and the AR splice variants 1 (threefold, P < 0.05) and 7 (threefold, P < 0.01) were further increased in the antiandrogen-treated tumors. Nonsignificant effects were observed in the expression of certain classic androgen-regulated genes, such as TMPRSS2 and KLK3, despite the low levels of testosterone and dihydrotestosterone. However, other genes recently identified to be highly sensitive to androgen-regulated AR action, such as NOV and ST6GalNAc1, were markedly altered, which indicated reduced androgen action. Taken together, the data indicate that, besides blocking AR, antiandrogens modify androgen signaling in CR-VCaP xenografts at multiple levels. (Am J Pathol 2018, 188: 216e228; https://doi.org/10.1016/j.ajpath.2017.08.036) Prostate cancer is one of the most common cancers in men from Western countries. 1 Most aging men develop precancerous lesions, and one of eight men are diagnosed as having prostate cancer. Androgen deprivation therapy (ADT) suppresses the growth of prostate cancer via blockade of testicular androgen production. Androgen deprivation is achieved via treatment of patients with luteinizing hormoneereleasing hormone agonists or antagonists, which can be combined with antiandrogens that block the effects of any residual androgen action. 2 ADT typically causes a decline in serum prostate-specific antigen (PSA), but the response is transient for a significant proportion of men; the disease eventually progresses to fatal castration-resistant prostate cancer (CRPC). The average time to develop CRPC after the initiation of ADT is <2 years, and the prognosis for patients with CRPC is poor. 3 It is now well established that CRPC is an androgen-regulated disease. The development of CRPC is associated with aberrant androgen receptor (AR) expression 4 and activation of intratumoral androgen biosynthesis, 5 and the expression of AR target genes (eg, KLK3 and TMPRSS2) is retained as a consequence. These findings have promoted the development of new therapeutic strategies for CRPC to target androgen action via inhibition of androgen biosynthesis or a more efficient blockade of AR action. These novel strategies include the cytochrome P450 (CYP) 17A1 inhibitor (abiraterone acetate) and new AR antagonists (enzalutamide, ARN-509, and ODM-201). Enzalutamide and ARN-509 possess similar structures and preclinical properties, 6 whereas ODM-201 7 is structurally distinct from the two above-mentioned antagonists. In vitro studies have demonstrated that enzalutamide and ARN-509 affect AR signaling at three separate stages: i) blockade of androgen binding to AR, ii) inhibition of AR nuclear translocation, and iii) weakening of AR binding to DNA. 6, 8 The AR gene copy number, and consequently transcription, is often increased in CRPC, causing up-regulation of AR expression and resulting in sensitization of the cancer cells to low levels of androgens. 9 Increased expression of AR splice variants has also been observed in CRPC tumors and metastases. 10 Several different AR splice variants that lack the ligand-binding domain have been detected, and especially the expression of AR splice variant (AR-V) 7 is markedly elevated in CRPC. 11 AR splice variant expression is up-regulated after ADT when circulating androgen levels are low, which suggests that AR splice variant levels may increase as a result of androgen blockade. 12 Preclinical models provide valuable information on the regulation of CRPC growth. The VCaP cell line, which originated from a vertebral metastasis of prostate cancer, is one of the recent CRPC models. VCaP cells are androgen sensitive, are tumorigenic, and express AR and several other markers associated with CRPC growth, such as retinoblastoma protein (RB1), p53 (TP53), PSA (KLK3), and the TMPRSS2-ERG fusion gene. 13, 14 Furthermore, VCaP cells also express enzymes involved in intratumoral androgen biosynthesis, such as CYP17A1, AKR1C3, and HSD17B6. 15, 16 We recently demonstrated that VCaP xenograft tumors, grown orthotopically (o.t.) in immunodeficient mice, exhibit key properties of CRPC (namely, regrowth after castration, AR overexpression, upregulation of AR splice variants, increased expression of steroidogenic enzymes, and activation of intratumoral androgen biosynthesis). 16 The present study further characterized the antiandrogen responses in o.t. castration-resistant VCaP tumors (CR-VCaP).
Materials and Methods

Cell Culture
VCaP cells were purchased in 2006 from ATCC (Manassas, VA) and tested and authenticated by the authors using short tandem-repeat analysis in 2014. Cells were grown in vitro (37 C, 5% CO 2 ) in phenol redefree RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO) on 75-cm 2 Corning CellBind flasks (Corning Life Sciences, Tewksbury, MA), supplemented with 10% fetal bovine serum (Biowest, Nuaillé, France), 2% L-glutamine (Gibco, Carlsbad, CA), and 1% penicillin/streptomycin (Sigma-Aldrich). The cells were split 1:2 once weekly, and the medium was changed every other day. The cells were counted and suspended in serum-free RPMI 1640 medium before inoculation.
Treatment of Castration-Resistant Orthotopic VCaP Tumors with Antiandrogens
Adult male immunodeficient mice (HSD/athymic nudeeFoxn1 nu ) were purchased from Harlan Laboratories (Indianapolis, IN) and housed under controlled conditions in specific pathogen-free conditions at the Central Animal Laboratory, University of Turku (Turku, Finland) in compliance with international guidelines on the care and use of laboratory animals. Mice were provided with irradiated soy-free natural-ingredient feed [RM3 (E); Special Diets Services, Essex, UK] and autoclaved tap water ad libitum. All animal handling was performed in accordance with our license from the Finnish Animal Ethics Committee (license number 1993/04.10.03/2011) and the institutional animal care policies, which fully meet the requirements of the US National Institutes of Health guidelines on animal experimentation. One million VCaP cells in 20 mL medium were o.t. inoculated into the dorsolateral prostate through an abdominal incision. Mice were provided anesthesia and analgesia, and blood sampling and PSA measurements were performed, as described previously. 16 Tumor growth was followed by measuring serum PSA once weekly.
The CR-VCaP xenograft model has been previously described. 16 Briefly, o.t. VCaP tumors were allowed to grow for 4 to 5 weeks until at least 60% of animals reached a serum PSA >5 mg/L, and the mean serum PSA value for the study cohort was approximately 15 mg/L. Mice with tumors were castrated, causing a dramatic decline in serum PSA, which was observed 1 week after castration. Subsequently, the serum PSA concentrations started increasing, indicating CRPC-like tumor growth, and the treatment began when the serum PSA of all castrated mice reached precastration levels. The mice were allocated to the treatment arms on the basis of the following five parameters: serum PSA concentration, the change in the serum PSA concentration, body weight, cage placement, and the week at which castration occurred. 17 The vehicle (n Z 15) or antiandrogens [20 mg/kg per day of enzalutamide (n Z 14) or ARN-509 (n Z 15); Matrix Scientific, Columbia, SC] were administered via gavage once daily. Previous studies suggested that a 4-week treatment time period may be optimal to mimic the effects of antiandrogen treatment in CRPC and show how CR-VCaP tumors adapt to antiandrogens. 16 The mice were sacrificed via cervical dislocation after 4 weeks of treatment, and the tumors were dissected and measured. Fresh tissue sample pieces from each tumor were collected in liquid nitrogen and fixed in 10% formalin for 24 hours before paraffin embedding.
DHT Uptake in the Castration-Resistant VCaP Tumors
Immunodeficient male mice with s.c. CR-VCaP tumors were given a single dose of enzalutamide (n Z 6, 20 mg/kg) or vehicle (n Z 6). Tritium-labeled dihydrotestosterone ([1,2,4,5,6,7-3H(N)]-3 H-DHT; 110 Ci/mmol; PerkinElmer, Waltham, MA), dissolved in ethanol/saline (20:80) solution, was injected i.v. into the tail vein of mice (approximately 1.6 MBq/mouse) 4 hours later. Blood samples were collected via cardiac puncture in anesthetized mice 15 minutes after the injection. Mice were sacrificed via cervical dislocation, and the tumor samples were collected. Tumors were homogenized in sterile water using an Ultra Turrax homogenizer (IKA-Werke, Staufen im Breisgau, Germany). Tumor homogenates (1.5 mL) and serum samples (100 mL) were mixed with 10 mL Ecoscint A scintillation liquid (National Diagnostics, Atlanta, GA), and the radioactivity of the samples was measured using a Wallac 1410 liquid scintillation counter (PerkinElmer).
Intratumoral and Serum Steroid Measurements
Tumor samples were homogenized in sterile water using a Tissuelyzer LT homogenizer (Qiagen, Venlo, the Netherlands), and the concentrations of androstenedione, testosterone (T), and DHT were measured from the tumor homogenates and serum samples using gas chromatographyetandem mass spectrometry. 18 The lower limits of quantitation (LLOQs) for androstenedione, T, and DHT in mouse serum samples were 12, 8, and 2.5 pg/mL, respectively. The concentrations of pregnenolone and progesterone were measured in the tumor homogenates and serum samples using liquid chromatographyetandem mass spectrometry. 19 The LLOQs for pregnenolone and progesterone in serum samples were 10.4 and 10.7 pg/mL, respectively. The concentrations of 3a-androstanediol (3adiol) and 3b-androstanediol (3b-diol) were measured in the tumor homogenates using liquid chromatographyetandem mass spectrometry; the lower limit of detection (LLOD) for 3a-and 3b-diol was 400 pg/mL. 20 The LLOQ was used for statistical analysis if steroid concentrations in samples were lower than the quantitation limit. One gram of tumor sample was considered equivalent to 1 mL of serum to compare intratumoral steroid levels with serum steroid levels.
Real-Time RT-qPCR and RNA-Seq Analysis
Total RNA for real-time quantitative RT-PCR (RT-qPCR) and RNA-sequencing (RNA-seq) analyses was extracted from tumor samples using an RNase Mini Kit (Qiagen), according to the manufacturer's instructions. RNA was DNase I treated (amplification grade; Invitrogen, Carlsbad, CA), and RNA quality was determined using a fragment analyzer (Advanced Analytical Technologies, Ankeny, IA). RNA was reverse transcribed using M-MuLV Reverse Transcriptase (New England Biolabs, Ipswich, MA) in the presence of oligo(dT) primers (Promega, Fitchburg, WI) for real-time RT-qPCR. The real-time quantitative PCRs were perfomed using a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) and a 2Â Dynamo SYBR Green qPCR kit (Thermo Fisher Scientific, Waltham, MA). The expression of genes of interest was normalized to the expression of ribosomal protein L19 (RPL19), and the expression of mRNA was quantified using the Pfaffl method. The genes analyzed by real-time RT-qPCR and sequences of the primers used are given in Table 1 . RNA-seq analyses of vehicle (n Z 15), enzalutamide (n Z 14), or ARN-509 (n Z 15) treated tumors were performed at the Finnish Microarray and Sequencing Center (Turku, Finland). The total RNA (300 ng) was used according to the Illumina TruSeq Stranded mRNA Sample Preparation Guide (Illumina, San Diego, CA). The samples were sequenced with an Illumina HiSeq 2500 instrument (Illumina) using TruSeq v3 paired-end sequencing chemistry with a 100-bp read length, combined into two lanes in the sequencing run. The quality of the RNA-seq data was investigated using the FastQC tool version 0.11.5 (Babraham Bioinformatics Group, Cambridge, UK). The reads were aligned to the human reference genome version hg19 (University of California, Santa Cruz, Santa Cruz, CA) using Tophat software version 2.0.10 (http://ccb.jhu.edu/ software/tophat/index.shtml). The number of uniquely mapped reads associated with each gene was counted using HTSeq version 0.6.1 21 with RefSeq annotations. The RNA-seq data are available from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo; accession number GSE95413).
The downstream analysis of the data was performed using R version 3.2.2 (R Foundation for Statistical Computing, Vienna, Austria) and Bioconductor version 2.14 (http://bioconductor. org/install). Data were normalized for library size using the trimmed mean of M-values approach implemented in the R/ Bioconductor package edgeR. Data for statistical testing were further transformed using the voom approach in the Limma R/Bioconductor package. Pairwise comparisons between the enzalutamide-, ARN-509e, and vehicle-treated groups were performed to detect differentially expressed genes using the linear modeling approach with the empirical bayesian method in the R/Bioconductor package Limma. Genes with a false-discovery rate (Benjamini-Hochberg) adjusted P < 0.005 and absolute fold changes >2 were reported for each comparison. The clustering in Supplemental Figure S1 , C and D, is based on hierarchical clustering (euclidean metrics with average linkage) of the normalized count data of the differentially expressed genes. Transcript abundances of full-length ARs (AR-FLs) and AR-Vs were calculated using Salmon version 0.8.1 using a transcriptome reference file downloaded from ENSEMBL (ftp://ftp.ensembl. org/pub/release87/fasta/homo_sapiens/cdna/Homo_sapiens. GRCh38.cdna.all.fa.gz; files can be opened using WinSCP or FileZilla, free download required). (Products are not endorsed by The American Journal of Pathology.) The transcripts per million values were normalized using TMM normalization.
AR-interacting genes were selected on the basis of the gene list from the androgen receptor gene mutations database. 22 The gene selection for aldo-keto reductases (AKRs), CYP enzymes, short-chain dehydrogenases/reductases, and UDP-glucuronosyltransferases (UGTs) was based on Gene Names gene family indexes. The clustering is based on hierarchical clustering (euclidean metrics with ward.2 agglomeration method, pheatmap R package) using the scaled mean expression value in each group.
Immunoblotting
Tumor samples were homogenized using an Ultra Turrax homogenizer (IKA-Werke) in lysis buffer containing the following: 150 mmol/L Tris-HCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mmol/L EDTA, 1 mmol/L SDS, 100 mmol/L sodium orthovanadate (Sigma-Aldrich), and cOmplete Mini protease inhibitor (Roche, Basel, Switzerland). Samples were centrifuged at 10,000 Â g for 20 minutes at 4 C, and total protein concentrations were measured with a bicinchoninic acid protein assay (Pierce, Rockford, IL). The samples were loaded onto an SDS-PAGE gel (10% Precast Midi protein gel; Bio-Rad Laboratories) and separated under reducing conditions, followed by transfer onto an iBlot Transfer Stack membrane by an iBlot Dry Blotting System (Invitrogen). The membranes were probed with rabbit anti-AR antibody (dilution, 1:1000; sc-816; Santa Cruz Biotechnology, Dallas, TX) and an antieAR-V7 antibody (dilution, 1:500; AG10008; Precision Antibody, Columbia, MD). For AR and AR-V7, 20 and 40 mg of sample were loaded in each well, respectively.
Enhanced chemiluminescence plex goateanti-rabbit IgG-Cy5 for anti-AR (dilution, 1:2500) and anti-mouse IgG-Cy3 for AR-V7 (dilution, 1:5000) were used as secondary antibodies, and the membrane was visualized using Cy5 and Cy3 detection using a Typhoon laser scanner (GE Healthcare Life Sciences, Little Chalfont, UK).
Immunohistochemistry
Formalin-fixed, paraffin-embedded tumor samples were divided into sections before deparaffinization and rehydration. The sections were exposed to antigen retrieval in a pressure cooker in Target Retrieval Solution sodium citrate buffer (Dako, Glostrup, Denmark) for 30 minutes. The blocking reaction for nonspecific binding was followed by overnight incubation with the primary antibody against the N-terminus of the AR (dilution, 1:250; sc-816; Santa Cruz Biotechnology) at 4 C. Endogenous peroxidase activity was blocked via application of 1% H 2 O 2 for 20 minutes at room temperature, and the sections were incubated for 30 minutes with an anti-rabbit antibody conjugated with polymerehorseradish peroxidase (Dako), washed, and visualized with Envision þ System-HRP diaminobenzidine staining (Dako). The sections were counterstained with hematoxylin, mounted, and digitized using a Pannoramic 250-slide scanner (3DHISTECH, Budapest, Hungary). The intensity of AR immunohistochemical nuclear staining was determined using CaseViewer 2.0 software including the QuantCenter and NuclearQuant modules (3DHISTECH). The nuclei were scored into three equally distributed categories: strong staining, medium staining, and weak staining (based on the range of staining intensity on the chromogen). The number of positive and negative stained cells was calculated, and the AR index was calculated by comparing the number of strong positive cells with the total number of positive cells of each section.
Measurement of Glucuronidation Activity
Glucuronidation activity was measured using 3 H-DHT as the substrate. For each reaction, 3 H-DHT (500,000 counts per minute/reaction) was placed into a small glass tube, evaporated under nitrogen flow, and dissolved in Tris-MgCl 2 buffer (50 mmol/L Tris and 10 mmol/L MgCl 2 ) supplemented with L-aphosphatidylcholine (100 mg/mL; Sigma-Aldrich). Total protein (100 mg) from vehicle-or antiandrogen-treated VCaP tumor homogenates was added to the reaction, and the final volume was adjusted with the assay buffer to 150 mL. Uridine 5 0 -diphosphoglucuronic acid (1 mmol/L; Sigma-Aldrich), a cofactor for the reaction, was added, the samples were incubated at 37 C for 4 hours, and the reaction was terminated by rapid freezing. Diethyl ether (Uvasol; Merck, Darmstadt, Germany) extraction was performed to separate the free 3 
Statistical Analysis
Nonparametric Kruskal-Wallis and Dunn multiple comparison tests were used for steroid concentration analyses in vehicle-, enzalutamide-, or ARN-509etreated animals and for real-time RT-qPCR and RNA-seq comparisons for individual genes. Tumor/serum ratios between the treatment groups were analyzed using the Holm-Sidak multiple comparisons test. The Pearson correlation coefficient was used to compare intratumoral steroid levels and gene expression levels measured using RNA-seq. Statistics were performed using GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA). The PSA growth curves were analyzed using R statistical software. The mixed-effects model, described by Laajala et al, 23 was used for examining differences in the linear PSA growth slope in response to antiandrogen treatments.
Results
Antiandrogen Treatment Increases the Expression of Full-Length AR and AR Splice Variants and Modulates the Expression of AR-Interacting Proteins
The CR-VCaP tumors treated with enzalutamide or ARN-509 for 4 weeks exhibited a significant response in serum PSA production with both antiandrogens, as analyzed using a matching algorithm, 17 taking into account the whole treatment period ( Figure 1A ). However, no significant differences were observed in tumor size between the treatments arms, measured at one time point only at the end of the study period. 16 Our previous study 16 demonstrated that castration up-regulated the AR-FL and the expression of splice variants AR-V1 and AR-V7 in VCaP xenografts. The present data indicate a further increase in AR-FL, AR-V1, and AR-V7 mRNA and protein expression after enzalutamide or ARN-509 treatment (Figure 1, B and C) . AR-FL mRNA increased more than twofold, and the AR-V1 and AR-V7 variants were induced twofold to threefold compared with the castrated and vehicle-treated mice ( Figure 1B) ; similar effects were observed using immunoblotting ( Figure 1C) . Immunohistochemical studies revealed that AR was localized to the nucleus in the presence of the antiandrogens ( Figure 1D ). However, the mRNA expression of the AR splicing factor SRSF1 and AR-V target gene UBE2C was not significantly altered ( Figure 1E ). RNA-seq analyses also revealed that the expression of other genes coding for proteins involved in AR splicing were not affected (data not shown). Therefore, the mechanism by which the antiandrogens induce the expression of AR splice variants remains unknown.
Our RNA-seq analysis revealed that of 291 genes significantly up-regulated or down-regulated by one or both antiandrogens (Supplemental Figure S1A ), 67 coded for AR-interacting proteins ( Figure 1F ). This result indicates a marked reorganization of the transcriptional machinery mediating androgen action. The down-regulated genes included TRIM68, PMEPA1, SOX9, FKBP5, and CMTM3. The expression of TFAP2C and PRKD1 was up-regulated by both antiandrogens. The data also revealed a stronger effect of ARN-509 compared with enzalutamide, indicated by larger fold changes and higher number of differentially expressed genes ( Figure 1F and Supplemental Figure S1 ).
Antiandrogens Reduce Intratumoral Androgen Concentrations
Treatment with enzalutamide or ARN-509 reduced the intratumoral T concentrations eightfold (P Z 0.005) and 12-fold (P < 0.001), respectively, compared with vehicle-treated mice (Figure 2A ). A similar decline was observed for DHT as enzalutamide-or ARN-509etreated samples presented with sevenfold (P < 0.001) and 12-fold (P < 0.001) lower DHT concentrations (Figure 2A) , respectively, compared with the vehicle-treated tumors. Androstenedione concentrations were at measureable levels but were not affected by the antiandrogen treatments (Figure 2A ). We measured 3a-and 3b-diol levels in the tumors, but the levels were lower than the LLOD in all samples. This result indicated that the reduction in intratumoral DHT was not compensated by a comparable increase in 3a-and 3b-diol, which are primary downstream metabolites. Intratumoral concentrations of pregnenolone were similar in all treatment groups, but progesterone levels were significantly lower (P Z 0.032) in enzalutamide-treated tumors than in vehicle-treated tumors (Figure 2A) .
The intratumoral concentrations for all the steroids measured were higher than in serum ( Figure 2B) , indicating local biosynthesis. Consequently, the tumors were not the major source of the circulating androgens because the serum androgen concentrations did not follow the concentrations measured in the tumors, and antiandrogen treatment did not affect the androstenedione, T, and DHT serum concentrations. In an additional experiment, mice with the CR-VCaP xenografts were treated with a single dose of enzalutamide or vehicle and were subsequently injected intraperitoneally with 3 H-DHT. A similar amount of 3 H-DHT was observed within the antiandrogen-and vehicle-treated VCaP tumors, demonstrating that the presence of antiandrogen does not reduce intratumoral 3 H-DHT concentrations in the CR-VCaP tumors ( Figure 2C ). This result suggests that AR blockade by antiandrogens cannot directly cause the reduction of intratumoral T and DHT concentrations in the CR-VCaP tumors without altering the steroid metabolism. Intratumoral T (r Z À0.6856, P < 0.0001) and DHT (r Z À0.6762, P < 0.0001) concentrations exhibited a strong negative correlation, with AR mRNA expression measured by RNA-seq ( Figure 2D ), suggesting that the decrease of intratumoral androgens was compensated by induced AR expression.
Antiandrogens Regulate the Expression of Enzymes Involved in Androgen Biosynthesis and Metabolism
We analyzed the expression of all CYP family enzymes and the enzymes in the families of short-chain dehydrogenases/reductases, AKRs, and UGTs in the tumors as part of the global RNA-seq analysis. Of the 258 enzymes in these families, 29 were differentially expressed between the vehicle-treated VEH  ENZ  ARN  AR  CALR  CDK6  NR3C1  PAK6  KAT2B  NCOA1  DACH1  ERBB2  SMAD3  TFAP2C  ADAM10  PRKD1  ZMIZ1  TRIM68  CMTM3  CDC25A  HIP1  IL6ST  ZNF451  NR2C1  TMF1  RBAK  ATF2  TRIP4  PXN  SGTA  SMAD4  APPL1  UBE3A  COPS2  KDM5B  FOXO3  SMARCA2  GTF2F1  PSMC3  SOX9  FKBP5  TNK2  TOB1  HDAC7  KIAA1967  PKN1  MCM7  PRPF6  NFIX  HDAC1  ARHGDIA  PHB  PRMT1  TPD52  PMEPA1  FKBP4  XRCC6  PPP1CA  PPP2R1A  DDX17 PARK7 SPDEF tumors and either one or both antiandrogen-treated tumors ( Figure 3A) , several of them being potentially involved in androgen biosynthesis and metabolism. The mRNA expression of HSD17B6, TBXAS1, CYP1B1, and CYP4F12 was significantly altered by both antiandrogens (Figure 3B ), but the mRNA expression of many classic androgen biosynthesis enzymes, such as HSD3B1, HSD3B2, CYP17A1, and SRD5A1, remained unchanged (data not shown). A significant negative correlation was observed between the expression of AKR1C2 and intratumoral T and DHT concentrations ( Figure 3C ), whereas a positive correlation was found between HSD17B6 expression and intratumoral T and DHT concentrations. UGT2B15 and UGT2B17, coding for enzymes known to conjugate T and DHT to corresponding glucuronide metabolites, were not differently expressed between the tumors of the antiandrogen-or vehicle-treated mice (data not shown). In line with these data, enzyme activity measurements using 3 HSD17B6   SPR   DHRS11   AKR1C3  AKR7A2  UGT2B4  UGT2B10  UGT2B11  CYP4F11  CYP4F12  CYP1B1  TBXAS1  GALE  HSD17B7  DCXR  AKR1A1  NDUFA9  TSTA3  CYP2W1  AKR1C1  AKR1C2  CYP4X1  CYP4F35P  KCNAB2 difference in the total glucuronidation activity in the tumors of antiandrogen-or vehicle-treated mice ( Figure 3D ). However, several enzymes of the UGT2B family, capable of forming the polar steroid-glucuronides, such as UGT2B4 and UGT2B11, were down-regulated by both antiandrogens (Figure 3, A and B) . Therefore, the antiandrogen treatments result in a major alteration in the steroid biosynthesis machinery in the castration-resistant tumors; however, the exact pathway leading to reduced androgen concentration remains unclear. WWTR1  ATRNL1  TGFB2  SLC2A3  CHST2  MAF  RAB27A  ST6GALNAC1  STEAP4  ENDOD1  FZD5  LDLR  LOX  SLC26A2  HERC3  PDLIM5  ELOVL7  MALT1  ZBTB1  HPGD  RHOU  TRIM36  CBLL1  LIFR  MAP7D1  MBOAT2  ASRGL1  CLDN8  GSR  ALDH1A3  FKBP5  B3GAT1  CLDN12  ACSL3  DHCR24  BMPR1B  NR4A1  SPDEF  KRT18  HOMER2  ODC1  TPD52   CAMK2N1  CD9  FKBP5  STK39  IGFBP3  ACOT7  GUCY1A3 VEH ENZ ARN 
Antiandrogens Alter Androgen-Regulated Gene Signature
Our previous study observed that castration transiently decreased the expression of androgen-regulated genes, but eventually the expression of several classic AR target genes was restored to precastration levels in CR-VCaP tumors. 16 Hierarchical clustering revealed similar expression patterns for the androgen-regulated genes before and after castration. The principal component analysis and hierarchical clustering of the RNA-seq data of the known androgen-regulated genes revealed a clear separation of the vehicle-and antiandrogen-treated tumors (Supplemental Figure S1, BeD) , indicating the presence of AR signaling in the castration-resistant VCaP xenografts. Furthermore, the RNA-seq data and real-time RT-qPCR analyses ( Figure 4 ) indicate variable antiandrogen responses for the androgen-regulated genes, suggesting differential mechanisms of their regulation and/or differential androgen sensitivities for their expression. No change (TMPRSS2 and KLK3) or significant change (KLK2, FKBP5, MBOAT2, MID1, SYTL2, PMEPA1, and UAP1) was observed in the gene expression of several known androgen-regulated genes ( Figure 4 , A and C). However, the expression of several known AR-V target genes, including ACOT7, CAMK2N1, GUCY1A3, IGFBP3, neuroblastoma overexpressed (NOV), ST6 N-acetylgalactosaminide a-2,6-sialyltransferase 1 (ST6GalNAc1), and STK39, was altered in antiandrogen-treated tumors (Figure 4, B and D) . Supplemental Tables S1eS4 present the genes with most markedly altered mRNA expression after antiandrogen treatment. The most down-regulated genes included leucine zipper protein 2 (LUZP2), STEAP4 metalloreductase (STEAP4), and ST6GalNAc1, indicating a beneficial antiproliferative effect of the antiandrogen treatments. The most prominently up-regulated (NOV) and down-regulated (ST6GalNAc1) genes ( Figure 4C ) represent novel biomarkers for determining the efficacy of antiandrogen treatment.
Discussion
Current hormonal therapies of CRPC are focused on the blockade of AR signaling because of the high AR expression 4 and the presence of intratumoral androgen biosynthesis 24 in the tumors. However, in addition to the ligand-activated fulllength AR, CRPC also expresses constitutively active AR splice variants lacking the ligand-binding domain, 25 providing the possibility for androgen-independent actions of AR in CRPC. However, the mechanisms of the androgen-dependent growth of CRPC are still unclear.
In the present study, we analyzed the effects of antiandrogens (enzalutamide and ARN-509) on the castration-resistant o.t. VCaP tumors grown in immunodeficient mice. This preclinical model shares key features analogous to clinical CRPC. Namely, after the removal of circulating androgens by castration, the CR-VCaP tumors reappear and present with high expression of fulllength AR and express AR splice variants, 16 and the tumors grown in castrated mice show activation of intratumoral androgen biosynthesis. 16 The present study demonstrated that antiandrogen treatment of the CR-VCaP tumors further induced the expression of AR-FL and the splice variants AR-V1 and AR-V7. The data also translate into clinical findings because the expression of AR-FL and AR splice variants is up-regulated in CRPC patients treated with enzalutamide. 26 The levels of the AR splice variants were, however, modest in the CR-VCaP tumors both before and after antiandrogen treatment. Thus, the full-length AR-mediated signaling likely predominates over the splice variants in the CR-VCaP tumors.
Previous studies with clinical specimens have evidently established that CRPC tumors present with intratumoral biosynthesis of androgens 27e29 and retain intratumoral androgens after androgen deprivation therapy. 30e32 The CR-VCaP tumors are alike, and we have demonstrated previously that CR-VCaP xenografts presented with precastration levels of T and DHT after a transient reduction after castration. 16 The present study also demonstrated that a 4-weekelong treatment with antiandrogens significantly reduced intratumoral T and DHT levels in the CR-VCaP xenografts. A similar observation was recently demonstrated for clinical CRPC because the treatment with luteinizing hormoneereleasing hormone agonist together with bicalutamide was associated with lower intratumoral DHT levels compared with the tumors from patients treated with the luteinizing hormoneereleasing hormone agonist alone. 33 In contrast to our study with VCaP xenografts, no difference in the intratumoral testosterone concentrations was identified in the tumors of luteinizing hormoneereleasing hormone agonist-treated patients with or without bicalutamide. 33 However, it is possible that the assay used in the study was not sensitive enough to reliably detect the potential differences between the low testosterone concentrations in these tumors. Taken together, the CRPC tumors in patients and VCaP xenografts in castrated mice respond similarly to antiandrogens by increasing the expression of AR and reducing intratumoral androgens levels. These results indicate that, in addition to blocking the binding of active androgens to AR, the reduction in intratumoral androgens is a novel mechanism by which antiandrogens mediate their known antiproliferative effects in CRPC.
The present study demonstrates that the intratumoral levels of active androgens in the VCaP xenografts are higher compared with serum levels with and without antiandrogen treatment. This result indicates local production of androgens, and the reduced androgen levels in antiandrogen-treated tumors may result from the direct or indirect regulation of the activity and/or expression of enzymes responsible for biosynthesis and metabolism of the androgens within the tumors. In line with this, several experiments were performed to examine the mechanisms by which the antiandrogen treatment led to reduced androgen concentrations in the CR-VCaP tumors. The concentrations of the downstream DHT metabolites 3a-and 3b-diol were measured in the tumors, showing that the decline in DHT concentration was not associated with a corresponding increase in these metabolites. However, the relatively high LLOD of the assay precluded detection of minor changes in the concentration of these metabolites.
The reduction of active androgens in the CR-VCaP tumors may have been caused by increased glucuronidation of androgens into water-soluble conjugates. However, neither measurement of the enzymatic activity nor the RNA expression analyses of the UDP-glucuronosyltransferases provided evidence for an increased glucuronidation in the tumors. Instead, some of the enzymes potentially involved in steroid conjugation, such as UGT2B4 34 and UGT2B11, were down-regulated in the antiandrogen-treated tumors. The roles of UGT2B15 and UGT2B17 in androgen metabolism in the prostate has been demonstrated previously, 35 ,36 yet the expression of these two enzymes or the key enzymes related to the formation of steroid sulfates (STS and SULTs) was not altered on the basis of the RNA-seq analyses. Furthermore, no difference was found in the expression of transporters (ABCC1, LRP2, SLCO1A2, SLCO1B1, SLCO1B3, and SLCO2B1) suggested to be involved in steroid transport in peripheral tissues. 37 Although the exact mechanism that resulted in the reduced intratumoral androgens levels remains unclear, the antiandrogen treatment altered the expression of several steroidogenic enzymes associated with local androgen production, 38, 39 including AKR1C2, AKR1C3, and HSD17B6. The antiandrogen treatment also altered the expression of several AKR, CYP, and short-chain dehydrogenase/reductase enzymes whose role in steroid metabolism is not known. Their possible impact in androgen metabolism is supported by the fact that novel steroid metabolic enzymes are continuously being discovered, with human dehydrogenase/reductase member 11 (DHRS11) being a recent example. 40 Although the expression of several androgen-regulated genes and AR-interacting proteins was significantly altered, the antiandrogens had only a modest effect on the expression of certain classic androgen-regulated genes, such as TMPRSS2, KLK2, and KLK3, suggesting that a certain amount of androgen action remained in the antiandrogentreated tumors. The conditions at a molecular level are complex, with the presence of a high amount of AR and antiandrogen, together with low levels of ligandindependent forms of AR and other steroidal ligands, such as progestins. Androgen-regulated genes present with a differential response in this setting, and the final biological response is a combination of several mechanisms. One possibility is that AR splice variants drive at least a part of the remaining androgen target gene expression. Several studies have revealed that AR splice variants lacking the ligand-binding domain activate certain target genes typically activated by AR-FL in the presence of a ligand, 12, 41, 42 whereas other studies have indicated that AR splice variants possess a transcriptional AR signature distinct from AR-FL. 43, 44 For example, FKBP5 mRNA levels were suggested to mirror the androgen concentrations and reflect the ligand-dependent androgen action in human prostate better than other classic AR target genes, such as KLK3 (PSA). 32 However, in the present study, FKBP5 was not a sensitive marker for the altered androgen action in the antiandrogentreated CR-VCaP tumors, but RNA-seq data revealed other genes whose expression was highly sensitive to the changes induced by the antiandrogen treatments. Some of these genes were recently observed to be androgen regulated by others; however, the direct androgen dependency of some of the highly antiandrogen-regulated genes must be further characterized. In addition to testosterone and DHT, other physiologically important androgens also exist. 45 Among those, the potential roles of 11-ketotestosterone and 11-keto-DHT need to be studied in the present model and in CRPC in general, because 11-keto-DHT exhibits properties similar to DHT. 46 Furthermore, the possibility of AR activation by intratumoral progestins must be considered in our future studies. 47 The most up-regulated (NOV) and down-regulated (ST6GalNAc1) genes in our RNA-seq data represent novel, recently identified, androgen-dependent genes. AR directly suppress NOV expression in VCaP cells grown in vitro by binding to the promoter and enhancer regions of NOV, whereas NOV expression is induced by ADT in mice and prostate cancer patients. 48 This observation, together with our results demonstrating that NOV expression is decreased by antiandrogen treatment, indicates that NOV is a sensitive marker for antiandrogen action both in vitro and in vivo. ST6GalNAc1, a sialyltransferase involved in the modification of the carbohydrate moieties of proteins, was recently identified to be regulated by androgens in prostate cancer, 49 which is consistent with our results showing a strong 10-fold down-regulation of ST6GalNAc1. Further studies are needed to reveal the role of these proteins in the androgen response. However, because of the high similarity in the androgen responsiveness between clinical CRPC and CR-VCaP tumors, the present study indicates that analyzing the expression of ST6GalNAc1 (down-regulation) and NOV (up-regulation) mRNA would be a useful tool to determine the efficacy of antiandrogen treatment also in clinical CRPC.
In summary, our data indicate that the CR-VCaP xenografts present with features similar to clinical CRPC, with induced AR expression and reduced amount of intratumoral androgens as a response to antiandrogen treatment. We identified two sensitive markers for antiandrogen action, ST6GalNAc1 and NOV, whose usefulness in determining the efficacy of antiandrogen action in clinical CRPC remains to be confirmed.
